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Induction motor (IM) drives have received a strong interest from researchers
and industry particularly for high-performance AC drives through vector
control method. With the advancement in power electronics and digital signal
processing (DSP), high capability processors allow the implementation of
advanced control techniques for motor drives such as model predictive control
(MPC). In this paper, design, analysis and investigation of two different MPC
techniques applied to IM drives; the model predictive torque control (MPTC)
and model predictive current control (MPCC) are presented. The two
techniques are designed in Matlab/Simulink environment and compared in
term of operation in different operating conditions. Moreover, a comparison
of these techniques with field-oriented control (FOC) and direct torque control
(DTC) is conducted based on simulation studies with PI speed controller for
all control techniques. Based on the analysis, the MPC techniques
demonstrates a better result compared with the FOC and DTC in terms of
speed, torque and current responses in transient and steady-state conditions.
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1. INTRODUCTION

Induction motor (IM) is an AC machine that produces mechanical energy based on electromagnetic
induction. The features of ruggedness, simplicity, self-starting, maintenance-free and low cost make the IM
became more prominent in industrial and domestic applications [1, 3]. Therefore, the control of IM is gaining
a high level of interest among academic and industrial players [4]. The development of advanced control
strategies for IM such as field oriented control (FOC) and direct torque control (DTC) has enabled them to be
used in high-performance drive applications. VVector control strategies such as FOC and DTC allowed the IM
to be controlled in a similar way to DC motor control with the help of phase transformation techniques [5-8].
FOC strategy works in the principle of torque and flux decoupling, where the stator currents are decomposed
into d-axis and g-axis representing flux and torque component respectively. The decoupled flux and torque
components are then regulated with a speed controller and fed into pulse width modulation (PWM) block to
generate the switching pulses for the inverter [9-11]. FOC is characterized by achieving good steady-state
behavior and faster transient response [12, 13]. On the other hand, DTC strategy works by selecting the most
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suitable voltage vector based on the error signs of the torque and stator flux position [14]. DTC achieves a very
quick transient response, but it experiences high torque ripples during steady-state and degraded performance
at lower speed operations [15-17]. For decades, FOC and DTC have been the prominent control methods for
high-performance induction motor drives [18-21]. However, the advancements in technology and digital
processing result in high capability processors at reduced cost. Thus, advanced control strategies can be
implemented for the high-performance IM drives. Model predictive control (MPC) is one of the most recent
sophisticated strategies applied for IM drives. Previously, MPC methods were limited to the slow processing
applications due to the requirement of high processing capacity. Now, with the availability of low cost high capacity
processors, the MPC can be applied in fast processing applications like AC motor drives applications [22-26].

Nowadays, MPC has gained a wide range of interest in the field of motor drive, due to its basic
concept, easy implementation and ability to handle non-linearity issues. It is characterized by a quick transient
response, less complexity and simple construction compared to FOC and DTC. MPC works based on the
principle of estimating the system variables (that cannot be measured) based on the mathematical model of the
system. These variables are then used with the designed cost function to select the optimum voltage vector.
Unlike DTC, MPC utilizes cost function to select the optimum voltage vector instead of selecting it from a
predefined switching table. Also, MPC reduces system complexity by eliminating current control loops
employed in FOC. Thus, with its simple concept, quick dynamic behavior, and less system complexity, MPC
has shown a strong tendency to replace the FOC and DTC for high-performance AC drives. Theoretically,
MPC is classified into continuous control set MPC (CCS-MPC) and finite control set MPC (FCS-MPC).
CCS-MPC usually has a complicated algorithm design and requires a modulator. In contrast the FCS-MPC
does not require a modulator and easily realized for non-linearity control [27-31]. FCS-MPC can handle system
non-linearity and capable of including system constraints [12]. The FCS-MPC controller also includes the
inverter model and considers every possible switching vector within the cost function calculation where the
optimum vector is opted as the one that minimizes the cost function. In this paper, only FCS-MPC (or MPC
for short) is considered since it has proven to perform better with less complexity and has been applied to
various types of applications such as power electronics converters and motor drives. Thus, this paper present
the design of the two popular types of MPC known as model predictive torque control (MPTC) and model
predictive current control (MPCC) [32-37]. Detail performance investigation is carried out in term of load and
unload conditions comparing the four main type of high-performance drive control structures which are the
MPTC, MPCC, FOC and DTC.

2. MODELLING OF INDUCTION MOTOR DRIVE SYSTEM

MPC's main concept is to estimate or predict the machine variables based on the mathematical model
of the IM. Thus, it is very important to design an accurate IM model in order to obtain an effective drive system.
The mathematical model of IM can be derived with the help of vector control principle, where a three-phase
machine (a, b, ¢) can be represented by an equivalent two-phase machine (d-q). Generally, the overall IM drive
system shown in Figure 1 consists of IM model, speed control, drive technique and inverter.

A three-phase voltage from the inverter is fed to the stator windings of the IM, where these voltages
can be expressed by the following equations [38]:

vV
Van = =5 (25, — Sp — S0 (1)
Vdc
Von = 3 (zsb — Se— Sa) (2)
Ven = 9 (25, — S, — Sp) 3)
cn T g c a b
Va
Speed Switching b
»] Inverter
Signals Ve
Control 1 v v
Idx ——] technique
- Is IM model
or |

Figure 1. The block diagram of IM drive system
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Using phase transformation principle, the input three-phase voltages are converted into two-phase
voltages and expressed in stationary reference frame with respect to the stator as in the following equations,

Vea = Rylq + 222 @)
Vg = Rylgq + 22 ®)
Via = Relpg + 224 — 0,0 ©)
Vig = Relrg + 22+ 0,0 @)

and the flux equation can be expressed as:

@sa = Lslsq + Lipliq ©))
Psq = Lslsq + Linlg 9)
®ra = Lmlsq + Lelrq (10)
Orq = Liplsq + Lilg (11)

where Vg, , Vg, are the stator voltage, V., V,, are the rotor voltages, 54, Isq , Irq , Irq are the corresponding d
and q axis of the stator and rotor currents, @sq @54, ¥ra » Prq are the stator and rotor flux components, R; ,
R, are the stator and rotor resistances, Ly, L, denotes the stator and rotor inductances, L., is the mutual
inductance and w,. is the rotor rotational speed.

The above derived IM equations can be expressed in the state-space form with the choice of flux
linkages or currents as the state variables. If the stator and rotor currents are chosen as the state variables,
the IM equations can be presented as:

[iqs] RsLy —wyLy  —Rplp, (x)rL L, ]P as| _Lr 0
[1as | 1 wr L5, RsLy Wy Loy Ly Ry Ly, s 1 sd

sl = L. + ln i)
lqu oLsLr _RsLm ermLS RrLs a)r J oLsLr

igr —wyLyLs  —RsLy —w,L,Lg R.L Lm

where ¢ is sigmaand equalto o = 1 — L— Moreover, the output torque of the machine can be expressed in
two forms mechanically and electrically as follow:

Mechanical torque: T, = ] =2 d“’m +Bwy, + T, = %d;;’” + gwr +T, (13)
Electrical torque: T, = %PLm(iSq ira — Usalirg) (14)

where J is the total moment of inertia, B is the viscous friction, T, is the load torque, w, is the rotor electric
angular speed in rad/s, w,, is the motor speed in rad/s and P is the number of pole pairs.

3. MODELLING OF THE PREDICTIVE CONTROL STRATEGIES

Model predictive control (MPC) is an advanced control technique that aims to simplify the control
mechanism of IM drives with non-linearity handling and drive constrains inclusion. Based on the mathematical
model of the IM, MPC estimates the machine variables that can not be measured and predicts the future of
these variables for every sampling step. Then, a cost function compares the predicted variables with reference
variables and the voltage vector minimizing the cost function is selected as the switching vector for the next
sampling interval. This paper covers two MPC types based on the control variables used. The first one is the
Model predictive torque control (MPTC), where torque and flux are used as control variables of the MPC.
Meanwhile the second one is the model predictive current control (MPCC), where the stator currents are used
as the control variables. In this section, the theoretical principles and design processes of MPTC and MPCC
are presented.
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3.1. Model predictive torque control

MPTC uses stator flux and electromagnetic torque as the control variables and predicts their future
values in order to use it in calculating the optimum values for actuating variables. The MPTC execution can be
divided into three steps, the first step is estimating the values of stator and rotor fluxes, the second step is
predicting the future values of the torque and stator flux and the final step is producing the optimum voltage
vector that minimizes the cost function. MPTC estimates the stator and rotor fluxes based on the stator currents
and utilizes outer speed control loop to obtain the flux and torque reference values. Mathematically, the stator
flux can be estimated using the voltage equation of stator in « — § frame:

= Ryig + 2= (15)

dt

The flux derivative term £ can be estimated for a sampling time of T using Euler forward method as:

dx _ x(etD-x(k) _ dos _ @slet1)-os(k) (16)
dt Ts a Ts

Substituting in (16) into (15) yields:
vs(K) = Ryl (k) + 22000

Rearranging yields:

ps(k) = @s(k — 1) + T [Rsis (k) — vs(K)] 17)
The rotor flux can be estimated by using stator and rotor flux equations in a« — 8 frame as:

@s = Lgig + Lpir (18)

@r = Lpis + Lpi; 19)
Rearranging in (19) for rotor currenti,, yields:

_ Lmis—or

Ly L

Substituting i,.into in (18), yields:

_ LgLy
9r(0) = 9s() =+ i5(0) (L — =225) (20)
For the prediction of stator flux at(k + 1), the following equation can be used:

(ps(k +1) = (ps(k) + T [Rsis(k) - Vs(k)] (21)

For torque prediction T at (k + 1), it depends on the stator flux and current predictions as:
T(k+1) = 2P Im{g,(k + 1) is(k + 1)} (22)

The stator current can be predicted based on the voltage equation as:

d [is] 1 [-Rslr — jo,Lm?  R.Lm —jmeer] [is] 1 ] [ ] 23)
at|ip] ~ oLstr [RgLm + jw,LmLs  —R.Ls + jw,,LsLr] [i olLsLr Lm

dis

=2 = ——[(=RsLr — jouLm®)is + (RyLm — jom LmLr)is] + ——[Lrv; + (~Lm)v,]

dig R,-L , RTL

é = er[ (RsLr — m —is — (omLm + m* —)or + Lrvs] (24)
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Using Euler forward method, the stator current at instant (k+1) with sampling time Ts can be obtained as:

Ts
oLsLr

R,Lm?
Ly

RyLm?

is(k+1) =is(k) + L

)is(k) = (jomLm +

|- RoLr - Yor (k) + Lrvg(K)] (25)

The final step in MPTC is the calculation of the voltage vector based on the predicted values using a
cost function. This cost function compares the predicted values of torque and flux with reference values of
torque and flux obtained from the speed control loop. For a two-level voltage source inverter, there are eight
possible switching vectors that correspond to eight prediction iterations on the cost function. From these eight
iterations, the cost function will select the optimum vector producing the lowest value as the switching vector.
The cost function used in MPTC can be expressed as:

g =IT" =Tk + )il +vle” — @k + 1)l (26)
where, y is the weighting factor and the basic formula to calculate it is defined as y = :—: [30].

3.2. Model predictive current control

MPCC method predicts the stator currents and evaluates them with reference currents for all possible
voltage vectors. From the induction motor model equations, the stator currents are expressed in (27):

% 1

=—[-(R,Lr -

dt oLsLr

RyLm?
Ly

RyLm?
Ly

)is — (wy, Lm +

Yor + Lrv,] @)

Using Euler forward method, the stator current at instant (k+1) with sampling time Ts can be obtained as:

R,Lm?
Ly

Ry Lm?
Ly

ik +1) = i (k) + —= [—(RSLr -

oLsLr

)ig(K) = GwomLm + ), (k) + Lrv (k) (28)
These predicted currents are compared with the reference currents from the speed control loop in a designed

cost function in order to select the best switching vector that minimizes the cost function. The cost function of
MPCC can be written as in (29):

9@ = lig" — iglk + )| + |ig" — ig(k + 1), (29)

In certain ocassion, a current protection item, I, is added to the cost function to avoid high-current and prevent
the motor from over-current operation. The formula for I, can be expressed as in (30):

Im(k + 1) = {0' lf |ls(];'+213| < |imax| (30)

Thus, In component is to be added to the cost function where in (29) becomes as:
9@ = lig" —iglk + il + |ipg" — ip(k + 1)y| + Ln(k + 1),

The MPCC control does not require a stator flux and torque estimation like the MPTC which can reduce its
complexity and computational burden of the drive system. Besides, the reference torque current lqand reference
flux current Iq4 are obtained from the outer speed control loop. A phase transformation is required to convert
the reference currents from (d-q) frame into (a-f) frame using the following equation:

Iy _[cos® —sin0la
Ig ™ [sine cos 0 11 (31)
3.3. Comparison of MPC strategies with FOC and DTC control

FOC and DTC have been the dominant control methods for the IM drives due to their effective
performance and their vector control principle that allows the control of AC drives in a similar way to DC
drives. In this section, a comparison of FOC and DTC with MPC techniques is presented. They are compared
in terms of their structure, dynamic performance and parameters sensitivity. The block diagram of the FOC
and DTC are presented in Figures 2 and 3 respectively, while the MPTC and MPCC diagrams are shown in
Figures 4 and 5 respectively. Both DTC and MPC have a variable switching frequency and directly produce
the switching vectors for inverter without a modulator, while the FOC has a constant switching frequency and
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requires a modulator for handing continuous variables [39]. In comparison to FOC, MPTC and MPCC have
simplified the drive system by eliminating the inner current control loops and modulation models, thus
achieving faster dynamic response. In addition, the MPTC and MPCC have better steady state performance
compared to DTC because they utilize a cost function to select the most suitable switching vector instead of
using heuristic switching as in DTC [40].

In terms of computational burden, FOC and DTC require a smaller computation time compared to
MPTC and MPCC. For torque and current ripples, FOC produces superior performance followed by MPC and
then DTC [39]. For parameters sensitivity, FOC, DTC, and MPTC have good performance under parameters
change, only MPCC that has unsatisfactory performance with respect to parameters change [39]. A comparison
base on simulation results is discussed in the next section.

Va

Ia] 14 1c| @

.
or 1
[Er=|
| Sector
Wim YRe
Figure 3. Direct torque control (DTC) of induction motor drives
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Figure 4. Model predictive torque control (MPTC) of induction motor drives
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Figure 5. Model predictive current control (MPCC) of induction motor drives

4.  SIMULATION RESULTS

This section discusses the simulation results of the MPC methods, FOC and DTC. This includes a
comparison in terms of speed performance at different speed operations, torque and currents. The results are
divided into two sections where in the first section, the two MPCs' techniques are compared and analyzed
between them. While in the second section, the MPCs methods are compared with the FOC and DTC methods.
For a fair comparison analysis, all models are simulated with the same sampling frequency and machine
parameters as in Table 1.

Table 1. Induction motor parameters

Parameter Value
Rated Voltage 380 Vac
Poles 4
Frequency 50Hz
Rated Speed 1430 rpm
Stator Resistance 345Q
Rotor Resistance 3.6141 Q
Stator Inductance 0.3246 H
Rotor Inductance 0.3252 H
Magnetizing Inductance 0.3117H
Inertia 0.02 kgm”2
Viscous Friction 0.001 Nm/(rad/s)

4.1. Comparison between MPCs methods (MPTC vs MPCC)

In order to verify the performance of the MPC methods for IM motor drives, a simulation model of
MPTC and MPCC for IM drives have been designed in Matlab/Simulink environment. Both methods have
been modeled based on the derived equations in sections 3.1 and 3.2. The speed performance of the IM drives
at rated condition with MPCs methods (MPTC, MPCC) is presented in Figure 6 (a), while Figure 6 (b) shows
the speed performance at load operation. In addition, the output torque and output stator currents are presented
in Figures 7 (a) and (b). Based on the speed performance, it can be seen that the MPCC has better dynamic
response than the MPTC, but with higher overshoot. During load disturbance, MPTC has higher speed drop
than the MPCC, but it has a faster recovery time.

1500 1500

‘ ‘ —MPCC ‘ R, P —MPcCC
1000 - : . 1320 1| —MPTC 1000 - 120 —MPTC
1420, T -1e40 | —Ref
0 1400 1360 | 5001 1400
= [ -1380 = Q?
g0 1380 1400 g0 o
-500 ¢ 1360+ 14201 ‘ 500
-1000 - 1340 . 28 1000 .
1 1112 ) 2 202204206208
-1500 _ i I I I T ‘ ‘
0 05 1 15 2 25 3 35 4 45 5 15000 05 1 15 2 25 3 35 4 45 5
Time (seconds) Time(seconds)
(a) (b)

Figure 6. Speed performance of MPCC and MPTC at rated speed 1400 rpm, (a) no-load, (b) load operation
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Figure 7. Performance of MPTC and MPCC, (a) torque, (b) stator current (la)

4.2. Comparison between MPCs vs FOC and DTC
The speed performance of IM drives at rated condition with MPCs methods (MPTC and MPCC),
DTC and FOC is presented in Figure 8 (a). In addition, the speed performance at loaded speed operations is

shown in Figure 8 (b). Finally, the output torque and output stator currents are presented in Figures 9 and 10
respectively.
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Figure 8. Speed performance of MPTC, MPCC, DTC & FOC at 1400 rpm, (a) no-load,(b) load operation
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Figure 9. Torque performance of MPTC, MPCC, DTC and FOC at 1400 rpm
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Figure 10. Stator current performance of MPTC, MPCC, DTC and FOC at 1400 rpm

In order to verify the effectiveness of the MPCs methods, numerical analysis is conducted to compute
the IM drive response characteristics at rated speed (1400 rpm) such as overshoot, rise time, settling time,
speed drop during load operation and how long each method takes to recover from load disturbance. Table 2
summarizes the response characteristics which shows that the MPCC has better performance in terms of
overshoot, settling time, rise time and recovery time, while DTC has the smallest speed drop but has a very
long recovery time. Besides, the MPCC has the highest speed drop compared with the other techniques since
it has a very low response to parameters change due to the load disturbance. However, MPCC recovers quickly
with the shortest recovery time of 0.151 seconds compared to other techniques. Although DTC has the smallest
speed drop of 4 rpm, it recovers slowly from load disturbance in 0.224 seconds.

Table 2. Numerical comparison of MPCs and FOC &DTC at rated speed 1400 rpm

Method
Measure MPCC MPTC FOC _ DTC
Overshoot (%) 117 057 0.071 0.072
Rise Time (S) 0.062  0.098 0.133 0.265
Settling Time (S) 0.086  0.128 0.157 0.310
Speed drop (rpm) 18 14 15 4

Recovery Time (S) 0151 0221 0187  0.224

5. CONCLUSION

Model predictive control (MPC) is an advanced control method that has been recently applied in
high-performance IM drives due to their initiative concept and ability to handle non-linearity issues and system
constraints. This paper has discussed two popular MPC methods for IM drives which are the MPTC and MPCC.
The mathematical models of these techniques have been derived and developed in Matlab/Simulink.
Comparison analysis of MPTC and MPCC has been conducted in terms of different speed operations, load
torque rejection capability and current and torque ripples. Finally, the MPC techniques have been compared
with two conventional techniques; the FOC and DTC, under same drive parameters and using Pl speed
controller for both techniques. Based on the analysis from the simulation results, the MPC techniques (MPTC
and MPCC) have a competitive performance compared to the conventional techniques (FOC and DTC).
Overall, from the all four methods, the MPCC has the best performance compared to MPTC, FOC and DTC
in relation to different performance measurement such as the rise time and settling time.
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